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A themial actuator is taught for a micro-electromeclianical device. The thermal actuator includes a base element, a cantilevered 
element (14) extending from the base element and nomnally residing in a first position. The cantilevered element includes a first 
layer (34) constnjcted of a dielectric material having a low thermal coefficient of expansion and a second layer (36) attached to 
the first layer, the second layer comprising intennetallic titanium aluminide. A pair of electrodes (30,32) are connected to the 
second layer to allow an electrical current to be passed through the second layer to thereby cause the temperature of the second 
layer to rise, the cantilevered element deflecting to a second position as a result of the temperature rise of the second layer and 
returning to the first position when the electrical cunBnt through the second layer Is ceased and the temperature thereof 
deaeases. The ttiermal actuator has particular application In an Inkjet device wherein a series of such inkjet devices form an 
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(54) Thermal actuator 

(57) A themial actuator is taught for a micro-electro- 
mechanical device. The thennal actuator includes a 
base element, a cantilevered element (14) extending 
from the base element and npmially residing in a first 
position. The cantilevered element includes a first layer 
(34) constructed of a dielectric material having a low 
thermal coefficient of expansion and a second layer (36) 
attached to the first layer, the second layer comprising 
Intermetalllc titanium aluminide. A. pair of electrodes. 



(30,32) are connected to the second layer to allow an 
electrical current to be passed through the second layer 
to thereby cause the temperature of the second layer to 
rise, thecantiieyered elemerit deflecting to a secorid po- 
sition as a result; of the terriperatufe rise of the second 
layer and returning to the first position when the eieictri- 
cal current through the second layer Is ceased and the 
temperature thereof decreases. The thermal actuator 
has particular application in wherein a 

seri^s.of sU^^ an Inkiet printhead; 
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Description 

[0001] The present invention relates generally to micro-electrGmechanical devices and. more particularly, to nnicro- 
electromechanical thennal actuators such as the type used in Ink jet print heads. 
5 [0002] Micro-electro mechanical systems (MEMS) are a relatively recent development. Such MEMS are being used 
as alternatives to conventional electromechanical devices such as actuators, valves, and positioners. Micro-electro 
mechanical devices are potentially low cost, due to the use of microelectronic fabrication technlq ues. Novel applications 
are also being discovered due to the small size scale of MEMS.devices. 

[0003] Many potential applications of MEMS technology utilize thermal actuation to provide the motion needed In 
10 such devices! For example many actuators, valyes, and positioners use themr^al actuators for movement. In the design 
of themial actuators it is desirable to maximize the degree of movement while also maximizing the degree of force 
supplied by the actuator upon activation. At the same time it Is also desirable to minimize the power consumed by the 
actuator motion. 

[0004] It is also advantageous that the cantilever type thermal actuator exhibits no change in intrinsic stress and 
IS repeatable actuator- motion upon repeated thenrtal acstuation of the actuator between 20*0 and 3P0**C temperatures, 
it is* also desirable that the resulting MEMS devices are capable of being produced in batch f£^hion:using^^^ 
that are compatible wtth standard CMOS integrated circus 

are reliable, repeatable, and low in cost. Compatibility with CMOS processing also allows the integration of control 
circuitry with the actuator on the same device, further irnproving cost and rel^^^ 
20 [0005]. It is therefore a n object of th e present invention to provide a th ennnal actu ator f or a m icroniechanical device 
having an actuator beam with an improved degree of movement^ 

[0006] it is a further object of the present invention to provide a thermal actuator for a tnicromecliianicai device having 
an actuator beam that delivers an increased degr^ <rf force upon activation. 

[0007] Yet another object of the present inven^ph is to provjdea pantiievered beam type thenrial aGluatot that^xhibits 

25 substantially no relaxation upon repeated thennal actuation of the actuator between acC and SOO^C temperatures. 
[0008] Briefly stated, the foregoing and numerous other features, objects and advantages of the present invention 
will become readily apparent upon a review of the detailed description, claims and drawings set forth herein. These 
features, objects and advantages are accomplished by fabricating a thennal actuator for a micro-electromechanical 
device comprising a base element and a cantil^vered element extending from the base element, the cantilevered 

30 element normally residing in a first non-actuated posltton. The cantilevered element includes a first layer constructed 
of a dielectric nriateriai having a low thennal coefficient of expansion and a second layer of intermetallic titanium alu- 
minlde (Ti/AI) attached to the first layer. A pair of electrodes are connected to the second layer to allow an electrical 
current to be passed through the second layer to thereby cause the temperature of the secoirid te^^^^^ The heat 
generated as a result of the resistivity of the intenrnetallic titanium aluminide causes the cantilevered element to defied 

35 to an actuated second position. The cantilevered element returns to the f irstposition When the electrical currerit through 
the second layer is ceased and thie temperature of the second layer decreases. The; intermetaljic titanlurn aluminide 
thin film comprisingj the secorid layer has at high co0fficlerit of themrial expansion and is electrically conduetlye; Further, 
the Intermetallic titanium aiuminide thin f|lm has suitable resistivity for use as a heater. VVitli selected deppsltibn con- 
ditions and post depositkin anntMling, a filrn 

40 [0009] The present Invention is particularly us^f yl . as a thenna! abtu€rtor Inkjet printer device. In thi^ pref en^ed em- 
bodiment, the cantilevered element of the themial actuator resides in an Ink reservoir or chamber that IndMcies a port 
or nozzle through which ink can be ejected. Through actuation of the thennal actuator, the cantilevered element deflects 
into the chamber forcing ink through the nozzle. 

[0010] ' As stated above, the cantilevered element includes a first layer constructed of a dielectric material having a 
45 low thermal coefficient of expansion. The term "low thermal coefficient of expansion" as used herein is intended to 
mean a thermal coeff icient of expansion that is les$ than or equal to 1 pprn//»Q. 

[poll] Figure 1 is a plan view of a portion of a plurality of the thermal 

actuator Inkjet devices of the present iriyention fo 

[001 2] Figu re 2 is a side eievatiohai view of a portion of the cantilevered biearn of the thennal actuator Inkjet device 
so of the present invention; 

[0013] Figures is a perspective view early In thefabricatibn of the thermal actu ator Inkjet device wherein a thin layer 
typically consisting of silicon dioxide Is first deposited on the substrate and the irvtennetalllc titanium aluminide film is 
next deposited and patterned Into the bottom layer. 

[0014] Figure 4 is a perspective view of the thennal actuator Inkjet device at a stage in the fabrication thereof later 
55 than that depicted in Figure 3 wherein a dielectric layer has been patterned to form the top layer and the resulting 
pattern Is then etched down through the thin layer of Figure 3 down to the substrate. 

[0015] Figure 5 is a perspective view of the thennal actuator Inkjet device at a stage In the fabrication thereof later 
than that depicted in Figure 4 wherein a sacrificial layer has been deposited, pattemed and fu|ly cured on the structure 
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depicted In Figure 4. . . * ^ . *. ♦u * . * 

[0016] Figure 6 is a perspective view of the thermal actuator inkjet device at a stage in the fabncation thereof later 
than that depicted in Figure 5 wherein a top wall layer Is next deposited on top of dielectric layer and the sacrificial 
layer depicted in Figure 5. : ** 

[0017] Figure 7 is a sectioned perspective view of the thermal actuator inkjet device of the present invention. 
[0018] Figure 8 is a graph plotting film stress as a functton of substrate bias (before and after annealing at 300»C) 
for titanium aluminlde film. . ^ . * * 

[0019] Figure 9 Is a graph plotting stress as a functton of temperature for a deposited and annealed Intenmetalllc 
titanium aluminlde film measured on a six Inch silicon wafer. 

[0020] Figure 1 0 is a graph plotting stress as a function of temperature for a sputtered aluminum film measured on 

a six inch silicon wafer. , * * 

[0021] Figure 11 Is a graph plotting stress as a function of temperature showing a comparison of stress versus 
temperature curves for Intermetallic titanium aluminlde with 7% oxygen incorporated, and for Intennetalllc titanium 
aluminlde with no oxygen incorporated, deposited on a silicon wafer . ^ 4 « a 

[0022] Turning first to Figure 1 . there Is shown a plan view of a portion of a thermal actuator Inkjet pnnthead 10. An 
array of thermal actuator inkjet devices 12 Is manufactured monolithically on a substrate 13. Each thermal actuator 
Inkjet device 1 2 consists of a cantllevered element or beam 14 residing In an Ink chamber 1 6. There is a nozzle or port 
18 through whteh ink may be ejected from chamber 16. Nozzle or port 18 resides In pumping section 20 of chamber 
16 The cantllevered element or beam 14 extends across chamber 1 6 such that «ie f ree end 22 thereof resides In 
pumping section 20. Cantllevered element or beam 14 fits closely within the walls of pumping section 20 without en- 
gaging such walls. By placing the cantllevered element or beam 1 4 in close proximity to nozzle 1 8 and tightly confining 
the cantileverBd beam 14 in pumping section 20, the efficiency of the ink drop ejection is Improved. Open regions 26 
of chamber 16adjacentcantilevered beam 14a1lowforquickrefillafterdropej^^^ nozzle 18. Ink is supplied 

to thennal actuator inkjet device 1 2 by an ink feed channel 28 (see Figure 7) etched through the substrate 13 beneath 
the ink chamber 16. There are two addressing electrodes 30. 32 extending from^^^^^ ^ 
[00231 Turning next to Figure 2, cantllevered beam 14 is shown in cross^sectioh; Cantllevered t^am 14 lnclu<?les a 
first or top layer 34 made of a material having a low coefficient of themnal expansion such as silicon dioxide, silicon 
nitrideorac4blnation of the two. Gantlleveredbeam lAalsoiticlude^a^ecohd or bottom layer Is elecirip^lly 

conductive and has a high efficiency as will be described hereinafter: RrBferai>V. second layer 36 Is comprised- of 
ihtermet^llic tjtahlurh alumind^ j« , i - ♦ c:- 

rO0241 Fidures 3 through 6 illustrate the processing steps for drie thernial actuator i^ device 12. Looking at Figure: 
3 the two addressing electrodes 30. 32 are connected to second Iayer36: Wfi0n a voltage is applied acrossjhe two 
electrodes 30, 32 current runs througti the intermetallic titanium alumlnide layer 36 heating It up f "J*^ <^^"«™g *® 
tllevered beam .14 to bend or deflect into pumplng^^^ 

^] ^ To optimize ttie ejection of a drop of ink in a themial actuator inkjet device 12. (t is Important to optimize the 
force and deflecOon of the cantllevered beam 14. The following relation gives a dimenslonless parameterthat describes 
the efficiency e of the material of the second layer 36 of the cantllevered beam 14: 
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where o is the thermal coefficient of expansion. Y Is the Young's modulus, p Is the density and Cp Is the specific hea 
of the material. The numerator contains material properties proportional te the force and displacement of a^themia| 
actuator. The denominator contains material properties that contribute to how efficiently the second layer 36 can be 

mS' Table 1 shows e for various materials that have be^n used for therroial aetuatbiis in the prjor art In coriipat^on 
with the intermetallic titanium aluminlde thin film material of the present IriveritiohV Material P/<^f les^were takeofrom 
the Uterature except for the intemietaliic titanium alumlnide thin film of the preset invention for which the material 
vsilues were derived from experiment. 

Table 1: 



Efficiency of materials for themial actuator 




Material 


a(x10-«)C-^ 


Y(x10»)Pa 


p(x103)Kg/ m3 


Cp(J/Kg C) 


e 


Al 


23.1 


.69 


2.7 


900 


.66 
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Table 1 : (continued) 
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Eff iciency Of materials for thermal actuator 


Material 


a(x10-«)C-^ 


Y(x109)Pa 


p(x103)Kg/ m3 


Cp(J/Kg C) 


8 


Au 


14.3 


80 


19.3 


1260 


.047 


Cu 


16.5 


128 


8.92 


380 


.62 


Ni 


13.4 


200 


8.91 


460 


.65 


Si 


2.6 


180 


2.33 


712 


.28 


T1AI3 


15.5 


188 


3.32 


780 


1.13 



[0027] The titanium aluminide film is 70% nrio re efficient than the next best film of the prior art. The Young's modulus 
of the intermetatlic titanium aluminidefitm was obtained f rpm a fit to the resonant frequency of Ti/AI-silicon oxide ;can- 
tilevers. The coefficient of thermal expansion of the intermetallic titanium aluminide film was obtained by heating the 
intermetallic titanium aluminide-silicon oxide canti^ . . . .. 

[0028] The material used for the second or bottom layer 36 in the practice of the present invention has an efficiency : 
(e) that is greater than 1 . Preferably, such material has ah 

[0029] • For the case of a ther^^ 12 with a cantilevered bearn 14, a two-layer structure is^ 

discussed above with a first Icfyer 34 and a second layer 30. The second layer 36 is preferably intenmetaliic titanium 
aluminide andthe material of the first layer 34 has a substantially lower c?oefficieht of thennal expansion. TYpically, the 
material of the first layer 34 is chosen fronn siiicpn dioxide or silicon nitride. It should be clear to tiiose skilled in the art 
that the displacement and force for a cantilevered beam 14 can also be optimlzedby varying the tWckhess andtWckness 
ratios of the two materials chosen for layers 34, 36. in particular, it is known that in equilibrium, for maximum .deflection 
and force, the following relation detemriines the ratio of the. thickness of the f irst af^^^ 
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where h^ , hg are the thkskness of the two layers 34, 36 and Y^. Yg are the Young's modulus of the materials of the two 

layers 34. 36. u u * ♦ 

[0030] As shown in Figure 3, a thin layer 40 typically consisting of silicon dioxWe is first deposited on the substrate 
1 3 to act as a bottom protective layer for the themial actuator InkJet device 1 2 from the ink and electrically insulate the 
thermal, actuator lnk|et devtee 1 2 from the substrate 1 3. The intemnetallic titanium aluminide film Is next deposited and 
patterned Into the bottom layer 36 and addressing electrodes 30. 32 that extend off to connect to the control circuitiy 
on the device. 

[0031] Silicon oxide or a combination of silicon oxide and silicon nitride are deposited on thin layer 40 and bottom 
layer 36 to form dielectric layer 41 (see Rgure 4). Dielectric layer 41 Is patterned to form the top layer 34 as shovwi In 
Figure 4. The resulting pattern Is then etched down through the thin layer 40 down to the substrate 13. The patterning 
of this layer 34 is extended beyond the pattern of thebottom layer 36 in order to leave a protective layer of oxide/nitride 
on the sides of the bottom layer 36. This patteming and etching also defines the open regions 26 on each side of the 
cantileveredbeam 14 for ink refill, and defines a first layer of the pumping section 20 around the free end 22 of the 
cantileveredibeam 14 for elfteierrt drop ejectipn^ 

[0032] lii Fij^ure 6. a pblyimide sacrtf fclal layer 4^ deposited, patterned and fully curedi The polyirnicj0; s^criffcial 
layer 42 is defined to extend beyond the cahtlleyered beam 14 and fills thel open regions 26 and puiripihg section 20. 
The cured definition of the polyimide sacrificial layer 42 provides the ink chamber 16 deflnltlon. The polylmlde also 
planarizes the surface.providing a flat top surface 43. The sloped sidewalls 46 of the polyimide aid In the fonriation of: 
the ink chamber walls. ^ 

[0033] A top wall layer 46 Is next deposited on top of dielectric layer 41 as shown in Figure 6. Typically this top wall 
layer 46 is composed of plasma deposited oxide and nitride which confomnally deposits over the polyimide sacrificial 
layer 42. The sloped sidewalls 45 of the polyimide sacrificial layer 42 are important to prevent cracking of chamber 
wall layer 44 (which is part of top wall layer 46) at the top edge. The nozzle hole 1 8 Is etched through the chamber 
wall layer 44. 

[0034] The substrate 1 3 Is then patterned on the backside, aligned to the front side, and etched through to fomn the 
Ink feed line 28. The polyimide sacrificial layer 42 filling the ink chamber 1 6 Is then removed by dry etch using oxygen 
and fluorine sources. This step also releases and thereby fomns the cantilevered beam 14. Note that chip dicing can 
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be done before this step to prevent debris from getting into the inic chamber 16. 

[00i35] A cross section of the final stmcture is shown in. Figure 7. The cross section of the cantilevered beam 14 
shows the lower protective layer 40, the intenmetallic titanium aluminide bottorh actuator layer 36, and the top actuator 
layer 34. The cantilevered beam 1 4 resides In the ink chamber 16 and is tightly confined about the jperimeter of the 

5 free end 22 In the vicinity of the nozzle hole 1 8 and has open fill regions 26 on each side for the rest of its length. 
[0036] In order to keep the beam 14 straight as shown In Figure 7. it is important to be able to control the stress of 
the material of the cantilevered beam 14. Stress differences between the layers 34, 36 of the cantilevered beam 14 
will cause bending of the cantilevered beam 14. ft Is Important therefore to be able to control the stresis of each layer 
34, 36. Preferably, the top actuator layer 34 Is fomned mainly of silicon oxide, which can be deposlteid with close to 

10 zero stress, with a second material such as silicon nitride on top of It which can be depositiad with a tensile stress to 
counter any tensile stress of the second layer 36, To maximize the beam efficiency, however, it is innipoftant to minimize 
the amount of sfllcon nitride needed. Therefore, it is Important to minimize the tensile stress of thelntemietaliictltanKjm 
aluminide filni, 

[00371 Deposition of the intermetallic titanium aluminide film was canied out using either RF or pulsed DC magnetron 
IS sputtering in argon gas.The TIAI3 sputter target was certified to 99.95% purity afid greater than 99.8% dense. Optimum 
film properties were obtained by varying the deposition parameters of pressure and substrate bias. For the case of 
pulsed DC magnetron sputtering the pulsing duty cycle was also varied. After deposition the film was annealed at 
300*»C-350**C for longer than one hour In a nitrogen atmosphere for a jaeriod long enough so that no further change In 
intrihste stre^ was observed for the film. The annealed film shows a predominantly disordered fiaee centered cubic 
so (fcxj) structure as detennlned by x-ray diffraction . The composition of the intermetaliic titanium alunriinide has a titanium 
to aluminum molefraction in the range of 65-86% aluminum as determined by Rulherford Backscattering Spectrometry 
(BBS) dependent upon the selected sputtering conditions. This produces afilm of superior propertlesthan any presently 
taught for that of thermal actuation as described herein. This intemnetailic material includes titanium and aluminum in 
a combination that can be characterized by the following relationship: 

2S . ' ' 



where 0;6<x£ 1.4. . .u. ^ 

so [00381 When this predominantly fee film is heated above 450«C the crystal stmcture changes from the disordered 
fee to a predominantly tetragonal r\^A\^^ structure. This change in structure is accompanied by a large increase in 
crystallite size and reduced tensile strength that can result in film cracks. 

[0039] Figure B displays the experimental result of measured stress after deposition and the resulting stress after 
anneal By controlling the deposition parameters the final stress of the film can be reduced to zero. Note that this 
35 displayed data was for deposition conditions of 5mT pressure. We find also that as the deposition pressure is lowered 
below 6mT an increase of the compressive stress is observed in the deposited film similar to increasing the bias. In 
addition, for DC magnetron sputtering, we find that varying the pulse duty cycle can also be used to adjust the stress^ 
Therefore the final stress can be tailored through a proper selection of both substrate bias, deposition pressure and 

pulsing dutyi;c^te; ^b '^^^^^^^^^ ■ -,^-■1., •"■ ' • 

40 [0040] It is also important that the material is thermally stable to repeated actuation; showing no plastic deformation 
or stress relaxation. Figure 9 displays stress versus temperature data from a deposited and annealed Intemnetailic 
. titanium aluminide film measured on a six inch silicon wafer. The curve shows no hysteresis. The sanne measurement 
on a pure aluminum film, shown in Figure 1 0. shows large hysteresis and a nonlinear curve. On fabricated cantilevered 
bearns14 (ihcludmg the Intermetallic titanium aluminide filrh as descrl^^^^ actuation have 

45 been perforrhed With ho measured Change in cantilever profile or actuation efficiency. 

[0041] It has also been found that addition of oxygen or nitrogen to the sputter gas to fonn TiAI(N) or TtAI(O) com- 
pounds is disadvantageous to the present invention. For example Figure 11 compares the stress versus temperature 
curves for intennetallie titanium aluminide with 7% oxygen incorporated, and no oxygen incorporated, deposited on a 
silicon wafer. Measuring the wafer curvature, the stress of the film is derived using Stone/s equation as is well known 

50 In the art The slope of the curve is proportional to the Young's modulus of the material and the thermal coefficient of 
expansion. A lower slope therefore indicates a less- efficient actuator material. The addition of oxygen degrades the 
effteiency of the actuator material. , ... * ^ * ^..^r^^ 

[0042] The intermetallic titanium aluminide material used for layer 36 demonstrates significant advantages over ma- 
terials used in prior art thermal actuator devices. Such material has a high themial coefftelent of expansion which is 

55 proportional to the amount of deflection that the cantilevered beam 14 can achieve for a given temperature rise t is 
also proportional to the amount of force the cantilevered beam 14 can apply for a given temperature rise. In addition, 
the internietallic titanium aluminide material has a high Young's modulus. A higher Young's modulus means the same 
force can be applied with a thinner cantilevered beam 1 4 thus increasing the deflection capability of the cantilevered 
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beam 14 intermetallic titanium alumlnide also has a low density and a low specific heat. Lower energy input is required 
to hTa the Senal to a given temperature. These properties allow for fabrication of srnall ^.^ *f J^^. ^^^^^^^^ 
Ltilevered beams 1 4 that can achieve fast response time consistent with use as an nk drop e^or for P"nt.nS. By 
way S example, cantilevered beams 14 of the present Invention having dimensions of 20jun wide x lOO^m long and 
with a thickness of 2.Bum have been successfully produced and tested in an ink jet printing operation 

Leatod heating to 300«C.Thecantllev.ei«d beam 14can be cycled millions of times without any Changed 
SS Se Skilled .n the art shoukJ recognize that them,al actuators using the '"^^-^^^^ 
material for layer 36 material can be Incorporated onto CMOS wafers aBowIng Integrated control c^cuttpr. ^mrJ!^^ 
TnluraluSide material can bedepcsld 
Lddltion , the titaniurn aluminlde rT«terial can be etched and patlem^^^ 

used in CMOS waferfabricatlonThetemperatures at Which the titanium aluminide material te f P°^*f^^^«'°^ 
350«C. This allows easy integrationofthetherrnal actuator device of the presentinvention Into *^ 

lM!!?''*SSite tttanlurn alum^^^^^^^^^ a resistivity of 160i.ohm-cm whteh Is a reasorjable 
By comparison, pure metals haye a much lower resistivity, "ree Intemietallic titanium alumlnlde material can therefore 
be used as both the heater and bemftid elewent in the tHenmal acAUator. . .„hi^h moan« 

ro046J lntermetalltotitanlumatumlnidehasavenrl«>wTCR(them,alcoeffkrfe.rtofresistance)o^ 
as the actuator heats up its resistance stays the same. Practically, this means that for an applied voltage pulse to heat 
the material the current stays the same, thereby allowing a completely linear response. e«et«me 
IM47] The themiai actuator of the present invention can also be applied to other microelectro '^^anica^Eyetems 
MEMS). For example, a themially actuated microvalve could be constructed to control the flow of fluids. The motion 

by the therm;i actuator of the present invention could be used for m«^^^^ 
Other forn4 of themial actuators could also be constructed in accordance with the pnnciples of the preferred embod- 
iment. A buckling actuator could be constructed out of irrtermetallte titanium atummide. 



Claims 

1. A thertnal actuator, fore micro-electro 

(b) a SSed^iement extending from the baaie element and residing In a first posrti^n, the cantilevered 
element Including a flr^ lay er constructed of a dielectric fnateriftl.havinga low themiai coeffiGientof expansion 
and asecond layer attached to the first layer, the secoBdIayercomprislnglirtermetellic titanium al^rra 

(c) a pair of electrodes connected to the second layer to allow ari eteptrfcal current to be pwsed througMhe 
Ucond layer to thereby cause the temperature of the s«ond layer to rise, the cantilevered e^^^^^ 

to a second position as a result of the temperature rise of the second layer and returning to the first position 
when the electrical current through the second layer Is ceased and the temperature thereof decreases, 

2. A thermal actuator inl^et device comprising: 

(a) an Ink chamber fontied in a substrate; ' . ^ , 

b a cantilevered element extending from a wall of the Ink qhamberrand normally residing n a first poslMon 
the cantilevered element lncludlng a first layer constructed of a dielectric material having a low themial coef- 
ficient of expansion and a second layer attached to the first layer, the second layer compnsing mternietaflic 
titanium aluminide. the cantilevered element having a free end residing proximate to an Ink ejection port In the 

ink chamber; and .j ♦k--!..^!, 

(c) a pair of electrodes connected to the second layer to allow an electrical current to be passed through the 
Second layertotherebycausethetemperatureofthe second layerto rise, the cantilevered elemerjt deflecting 
to a second position as a result of the temperature rise of the second layer and retumlng to the first position 
when the electrical current through the second layer Is ceased and the temperature thereof decreases, the 
movementof the cantlleveredelement MUsIng Inkin the inkchambertobe ejected through the ink ^ 

3. A thennal actuator ink|et devtee as recited in dalm 2 wherein: 

the Ink chamber Includes a purr^lng section, the free end of the cantilevered element resWIng in the purriping 
sectten. 
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4. A thermal actuator Inkjet device as recited in claini 3 further comprising: 

(a) at least one open region adjacent the cantllevered element; and 

(b) an ink delivery channel in the substrate allowing ink to be delivered through the at least one open region 
and into the ink chamber. 

5. A thennai actuator as recited in claim 1 wherein: 

the second layer can be characterized by the relationship 

where 0.6 ^ X ^ 1 .4. 

6. A themnal actuator Inkjet device as recited in claim 2 wherein: 

the second layer can be characterized by the relationship 

Al4.^Ti^. 



where 0.6 !S X 5 1 .4. 
25 7. A themial actuator as recited in clalrti 1 wi^br^^ 

the second layer has an efficiency (€) greater than i. the efficiency (e) being defined by the equation 



• e-Yo/Cpp 

where Y is Young's modulus, p is density, a Is the tbermal coefficient of expansion, and Cp is the specific heat, 

8. A themnal actuator InkJet device as recited in claim 2 wherein: 
the second layer has an efficiency (c) greater than 1 . the efficiency <e) being: defined by the equation 

e = Y<x/Cpp 

where Y is Young's modulus, p is density, a is the thennai coeffteient of expansion; and Cp is the specific heat. 

9. A thermal actuator as recited in claim 7 wherein: 

45 the second layer has an efficiency (e) greater than 1 . 

10. A thermal actuator as recited in claim 7 wherein: 

the second layer has an efficiency (c) greater than 1.1. 
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FIG. 3 



9 



EP1 211 072 A2 




FIG. 5 
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